Introduction
============

A number of recent developments in biomedical science concentrate on the design of efficient drug delivery systems (DDS) to deliver various therapeutic agents ranging from small molecule drugs to biomacromolecules (e.g., genes, proteins) [@B1]-[@B3]. Among these available approaches, liposomes have played an indispensable role due to their appealing nature including high biocompatibility, large drug carrying capacity and convenient and feasible tunability, which have attracted considerable attention in the field of drug delivery [@B4]-[@B6]. However, pure liposomes suffer from poor stability since they are prone to adhere and fuse to form larger ones in suspension [@B7]. Moreover, the fusion process may result in drug leakage, unexpected inclusion inactivation and inefficient delivery. Thus, nanoparticles have been introduced to stabilize liposomes in order to overcome the drug leakage resulting from fusion or collapse [@B8]-[@B10]. To date, nanoparticles-functionalized liposomes, so called liposomal nanohybrids, have gradually been developed as theranostic nanoscale delivery systems [@B11]-[@B13]. Nanoparticles, such as iron oxides, quantum dots and metal nanoparticles, are recognized as offering extraordinary features for diagnostics as well as therapeutics [@B14], [@B15]. For example, Shin\'s group demonstrated that a gold cluster-labeled thermosensitive liposome is capable of triggering drug release in the tumor microenvironment by an external stimulation of NIR light, which improved the efficacy of therapy [@B16]. Similarly, Liu et al. prepared betulinic acid liposomes coated with a layer of gold nanoshell as a novel multifunctional nanodrug delivery system [@B17]. Their results verified that under NIR light irradiation, a synergetic efficacy of chemotherapy and photothermal therapy was achieved successfully. Owing to its great clinical prospects, employing nanoparticle conjugation to implement remotely triggered drug release from liposomes is starting to prevail.

The interaction between nanohybrids and cells is always an important prerequisite for the successful delivery of therapeutics against various tumors. The application of nanohybrids in biomedicine requires a much deeper understanding of their endocytosis and intracellular behaviors. Early work carried out on the cellular uptake of nanohybrids have demonstrated that most nanohybrids, including liposome-quantum dot hybrids and magnetic liposomes, are taken up through an endocytic process and their uptake is time- and concentration-dependent [@B18], [@B19]. Additionally, investigations on the influence of quantum dots and superparamagnetic iron oxides were often overlooked in previous literature. Understanding whether nanoparticles impact the liposomal properties is highly important for their efficient delivery, which serves as their crucial role in cancer therapy. However, until now, there is little research focused on the role that nanoparticles play in the intracellular behavior of nanohybrids.

In the current study, using a SERS-based tracking method, we attempt to provide an insight into these relatively unexplored areas by systematically comparing the liposomal behaviors of liposomes conjugated with and without nanoparticles. In the experiments, a kind of metal-liposome nanohybrid was developed by covalently attaching gold/silver core-shell nanoparticles to thermally sensitive liposomes. In such a structure, 2-mercapto-4-methyl-5-thiazoleacetic acid (MMTAA) molecules are used as both the Raman reporter for generating SERS signals and the conjugation linker for the subsequent attachment. Meanwhile, the metal nanoparticles serve as SERS substrates as well as the materials for enhancing the photothermal response. To investigate the endocytosis process and the intracellular fate of the nanohybrids, SERS signals were exploited for imaging their distributions in cells due to their high photostability and resistance to fluorescence interference. Further, in a comparable study with fluorophore-labeled liposomes, the impact of metal nanoparticles on liposomal behavior was analyzed. This study revealed a universal concept for the role nanoparticles play in nanohybrids, which would inspire the development and application of multifunctional drug nanocarriers based on liposomal nanohybrids.

Results and Discussion
======================

Preparation and characterization
--------------------------------

Scheme [1](#SC1){ref-type="fig"} depicts the general strategy for preparing the metal-liposome nanohybrids. The first step consists of the exchange of sodium citrate molecules from the Au\@Ag core-shell nanoparticles with MMTAA molecules. In such a way, carboxyl-modified Au\@Ag core-shell nanoparticles (Au\@Ag\@MMTAA) were obtained. Thereafter, the terminal carboxyl groups of the carboxylated nanoparticles were reacted with an amino-ended lipid (DSPE-PEG2000-NH~2~) contained in the liposomes, *via* amide conjugation. Finally, the liposomal nanohybrids were accomplished, which were stable in biological media.

Film hydration followed by bath sonication was chosen as the preferred method to prepare the amino-modified liposomes. Figure [1](#F1){ref-type="fig"}A reveals a representative TEM image of an individual liposome with an apparent hollow vesicle structure. The liposomes containing zwitterionic (DPPC) and cationic (DSPE-PEG2000-NH~2~) lipids exhibited an average diameter of 153.6 nm (Figure [1](#F1){ref-type="fig"}C) and a weak positive surface charge (+8.5 mV; Figure [1](#F1){ref-type="fig"}F). The role of DSPE-PEG2000-NH~2~ is to provide a few amino anchor points on the outer surfaces of liposomes for the selective binding of the metal nanoparticles. As an additional advantage, the PEG-based chain increased the stability of liposomes in the high ionic strength cellular media, avoiding irreversible liposome fusion or aggregation [@B20], [@B21].

The Au\@Ag\@MMTAA nanoparticles presented a sole extinction peak at 400 nm, suggesting that no aggregation occurred during the decoration process [@B22]. As further confirmed by DLS shown in Figure [S1](#SM0){ref-type="supplementary-material"}, the surface grafting with MMTAA molecules had no observable influence on the morphology, size or zeta potential. Here, MMTAA molecules have two functions. First, MMTAA molecules served as conjugation agents for the specific binding of metal nanoparticles to liposomes. Second, MMTAA molecules grasped the metal nanoparticles through thiol groups and acted as Raman reporters, which could generate strong SERS signals. This dual-function molecule simplified the fabrication protocol.

In the next step, by incubating amino modified vesicles with Au\@Ag\@MMTAA nanoparticles under identical conditions, nanohybrids with a medium loading capacity were obtained (Figure [1](#F1){ref-type="fig"}B). Specially, Au\@Ag\@MMTAA nanoparticles tend to intersperse as aggregates rather than individual nanoparticles. The distribution of the number of metal nanoparticles per nanohybrid was investigated by statistical analysis of TEM images (Figure [S2](#SM0){ref-type="supplementary-material"}). It showed that the coverage of Au\@Ag\@MMTAA nanoparticles on the liposomes varied from 10 nanoparticles per nanohybrid to 30 nanoparticles per nanohybrid. There were about 22 Au\@Ag\@MMTAA nanoparticles conjugated to one liposome on average. The binding of metal nanoparticles is chemically driven by the high affinity of the carboxyl terminal groups on the nanoparticle surfaces towards the amino-ended lipid in the vesicles, resulting in a slight growth in the size of liposomal nanohybrids (215.5 nm) and a switch in zeta potential (-11.6 mV) (Figure [1](#F1){ref-type="fig"}D and [1](#F1){ref-type="fig"}F). Additionally, the successful conjugation of metal nanoparticles on liposomes made the surface plasmon resonant band red-shift to 437 nm (Figure [1](#F1){ref-type="fig"}E), consistent with the color change from translucent white to misty brown. The red-shift of the surface plasmon resonant band after conjugation of metal nanoparticles to liposomes was reasonable since the Au\@Ag nanoparticles attached to the lipid bilayers experienced a higher refractive index [@B23]. Meanwhile, the Au\@Ag nanoparticles became closer to each other under this hybrid structure, resulting in the coupling of their SPR and thus the red-shift of the band [@B24].

By contrast, liposome-metal nanohybrids with low coverage were also prepared by decreasing the number of Au\@Ag nanoparticles involved in the reaction. Characterization confirmed that few nanoparticles were attached to the surface of the liposomes. Due to their low coverage by the metal nanoparticles, the obtained nanohybrids exhibited a small decline in zeta potential (+8.07 mV) and a slight red-shift of surface plasmon resonant peak (414 nm, Figure [S3](#SM0){ref-type="supplementary-material"}). The average size of nanohybrids measured by DLS was 328.2 nm. The reason for the growth may be that nanoparticles stuck neighboring liposomes together, which formed mild aggregates. The distribution of nanoparticle number per nanohybrid was also analysed and four Au\@Ag\@MMTAA nanoparticles were modified per lipid vesicle on average. Since nanohybrids with different surface coverage of nanoparticles were successfully fabricated, the conjugated nano-lipid hybrids showed good controllability, which was significant for further applications.

Drug release kinetics
---------------------

As a thermally sensitive lipid, DPPC molecules were incorporated into the lipid mixture in order to prepare temperature-responsive liposomes, whose phase pretransition and main-transition temperatures are around 35 ^o^C and 41^o^C, respectively [@B25]. To evaluate the release characteristics, anticancer drug, DOX, was encapsulated into the aqueous core through the pH gradient method [@B26]. The encapsulation efficiency was characterized by fluorescence spectroscopy, which confirmed a relatively high value of \>90%. The thermal response of the liposomes and nanohybrids was studied by quantifying the amount of DOX released at 25, 37 and 43 ^o^C (Figure [2](#F2){ref-type="fig"}). At room temperature (25 ^o^C), no significant leakage of DOX from liposomes or nanohybrids was observed after 24 h. Both the liposomes and nanohybrids displayed a limited degree of DOX release at physiological temperature (37 ^o^C). When ambient temperature exceeded the phase transition temperature (43 ^o^C), rapid and intensive release of DOX from the liposomes and naonohybrids was discovered. This discharge of DOX was probably facilitated by the increased bilayer permeability at a higher temperature. On closer inspection, it was incontrovertible that they both demonstrated similar temperature-dependent characteristics. In other words, the conjugation of metal nanoparticles had no influence on the DOX release behavior from vesicles.

Metal nanoparticles are particularly promising materials for photothermal response, and are often applied for light-controllable drug release. Actually, metal nanoparticles-modified liposomes maintained the photothermal effect. According to the plasmon resonant peak of nanohybrids, a NIR laser at 808 nm was selected in order to achieve two-photon adsorption. A comparative trial was conducted, in which we monitored drug release from liposomes and nanohybrids under laser stimulation. As shown in Figure [S4](#SM0){ref-type="supplementary-material"}, pure liposomes exhibited minimal drug leakage, indicating that they were not sensitive to the light stimuli. In contrast, the nanohybrids discharged nearly a quarter of the DOX molecules, which was five times greater than for liposomes without nanoparticles. This distinction can be explained by the influence of metal nanoparticles. Au\@Ag\@MMTAA nanoparticles on the surfaces of the liposomes transformed energy from the laser into heat, leading to destabilization of the lipid membranes and burst drug release [@B27]. In spite of the thermal response, the existence of metal nanoparticles endowed liposomes with another light response. This remote operation is a major reason for its popularity, which is a significant step in nanomedicine development.

SERS Performance
----------------

Additionally, MMTAA molecules were employed as Raman reporters, whose characteristic spectrum is shown in Figure [S5](#SM0){ref-type="supplementary-material"}. Briefly, the most prominent Raman mode of MMTAA was the mode at 1285 cm^-1^, assigned to the CH in-plane bend mode [@B28], [@B29]. The SERS spectral characteristic of the nanohybrids was almost the same as the fingerprint signature of MMTAA, which suggested good maintenance during conjugation [@B30]. The enhancement factor (EF) of Au\@Ag\@MMTAA nanoparticles and nanohybrids were calculated to be 1.08×10^6^ and 7.24×10^5^, respectively, which indicated that the introduction of liposomes did not affect the SERS activity of Au\@Ag nanoparticles. Consequently, MMTAA molecules are capable of this doubleduty. The as-prepared nanohybrids were further applied to *in vitro* studies. SKBR3 cells were incubated with SERS-active nanohybrids and robust SERS signal was detected to track their location inside tumor cells. As shown in Figure [3](#F3){ref-type="fig"}, most of the nanohybrids were incorporated within cell membranes, while the rest entered the tumor cells. SERS images at different depths of SKBR3 cells were acquired to better prove this opinion (Figure [S6](#SM0){ref-type="supplementary-material"}). It was worth noting that no cell shape change or number reduction was observed, implying the outstanding biocompatibility of the nanohybrids.

Stability study
---------------

Liposomal nanohybrids are expected to keep their morphology and property before their entry into cells. The nanohybrids preserved their hydrodynamic diameter and adsorption band after dispersion in PBS for 24 h, which indicated that the nanohybrids were quite stable in the buffer environment (Figure [S7](#SM0){ref-type="supplementary-material"}). However, liposomes usually suffer from aggregation in complex fluids, such as culture media, which would probably compromise their cellular entry. Thus, it is significant to probe the colloidal stability of nanohybrids in culture media of SKBR3 cells. After incubation with serum-free 1640 media for 12 h, the hydrodynamic diameter and adsorption band of nanohybrids underwent a slight increase and red-shift, respectively (Figure [4](#F4){ref-type="fig"}A and [4](#F4){ref-type="fig"}B). Inevitable adsorption of amino acids or proteins in the culture media was probably responsible for this [@B31], [@B32]. It has been considered that nanoparticle decoration and PEGylation could enhance their stability [@B33]. As a result, the nanohybrids demonstrated excellent stability in 1640 media over 12 h and suffered from minor aggregation.

After being taken up by SKBR3 cells, nanohybrids were tracked through their SERS signals. These experiments were predicated on the assumption that no dissociation between nanoparticles and lipids occurred, especially at long time points. We wished to further visualize whether the intracellular environment may cleave nanoparticles from lipids. To achieve this goal, liposomes and metal nanoparticles were labeled with fluorescence and SERS agents, respectively. Using these two signals, we tracked liposomes and metal nanoparticles independently. The colocalization coefficient between SERS signals from nanoparticles and fluorescence signals from liposomes was utilized to analyze the stability of nanohybrids inside tumor cells. Here, the fluorescent dye, DiI, was chosen to mark liposomes because of its low cytotoxicity and transitivity. Since it tends to gather within lipid bilayers, DiI serves as a reasonable proxy for this test. The photoswitching behavior of DiI was used to realize super resolution imaging of the nanohybrids. Due to the excellent spatial resolution of PALM, the acquired image provided more direct evidence for the structural integrity of the nanohybrids. According to the super resolution imaging, no structure destruction was observed from the dual-labeled nanohybrids (Figure [5](#F5){ref-type="fig"}). We treated SKBR3 cells with nanohybrids and then imaged them at different time points. Confocal microscopy showed that the nanohybrids remained largely intact for the first 4 h, as evidenced in Figure [6](#F6){ref-type="fig"}. The intensity of SERS signals decreased with the culture time, as well as that of fluorescence signals. This reduction was likely due to metabolism of the nanohybrids by cells. To explore whether the nanohybrids were metabolized by cells through exocytosis, we co-incubated the nanohybrids with SKBR3 cells for different time. As shown in Figure [S8](#SM0){ref-type="supplementary-material"}, the content of nanohybrids within SKBR3 cells increased as a function of time in the first 8 h and reached a plateau afterwards. This can be explained by the equilibrium state between endocytosis and exocytosis, which also confirmed our hypothesis. After nanohybrids-loaded SKBR3 cells were supplemented with fresh culture medium, exocytosis prevailed gradually, leading to a decrease in the content of nanohybrids within SKBR3 cells as well as a reduction in the intensity of SERS signal. It is important to note that although the signal intensity suffered from a sharp decline, the contact ratio underwent a slight contraction, which was maintained at \~0.6. It can be asserted that negligible separation occurred after 12 h incubation. Thus, owing to their high stability *in vitro*, nanohybrids can be tracked by SERS signals generated from their metal nanoparticles after being taken up by SKBR3 cells.

Cellular uptake and intracellular fate
--------------------------------------

Understanding the key internalization pathways of nanohybrids would form the basis of effective delivery. Generally, extracellular nanomaterials are taken up by tumor cells through endocytosis, which can be subdivided into phagocytosis for larger foreign materials and pinocytosis for smaller ones [@B34]. According to the different participating proteins, pinocytosis can be classified into three subcategories: clathrin-mediated endocytosis, caveolae-mediated endocytosis and micropinocytosis [@B35]. It was established that nanohybrids enter cells through pinocytosis. However, the exact mechanism remains variable under different situations. Here, SERS signals were acquired to evaluate the specific endocytosis pathway by which nanohybrids enter SKBR3 cells. First, SKBR3 cells were treated with three different inhibitors: namely chlorpromazine (clathrin inhibitor), nystatin (caveolae inhibitor) or cytochalasin D (actin inhibitor). Furthermore, the cells pretreated at 4 ^o^C and the cells without inhibitor pretreatment under the same experimental conditions were studied as negative and positive control, respectively. Afterwards, the pretreated cells were incubated with SERS-active nanohybrids for 4 h. Eventually, cells with different treatments were washed and observed under a confocal laser scanning microscope. In the positive control experiment, most of the cells showed a remarkable SERS activity with unambiguous and intense distribution (Figure [7](#F7){ref-type="fig"}A). Meanwhile, SERS punctuates were hardly visible when the experiment was performed at 4 ^o^C (Figure [7](#F7){ref-type="fig"}B). Endocytosis is an energy dependent process, which would be inhibited at low temperature. As a result, nanohybrids got into SKBR3 cells *via* energy dependent endocytosis. In comparison, a significant reduction of cellular internalization of nanohybrids was observed in SKBR3 cells pretreated with chlorpromazine (Figure [7](#F7){ref-type="fig"}C). Additionally, nystatin treatment suppressed the uptake of nanohybrids somewhat, which indicated that caveolae-mediated endocytosis did not play a role in uptake of the nanohybrids (Figure [7](#F7){ref-type="fig"}D) [@B36]. Similarly, the uptake efficiency slightly diminished in SKBR3 cells blocked with cytochalasin D (Figure [7](#F7){ref-type="fig"}E). Therefore, the internalization process of nanohybrids is strongly dependent on energy, with clathrin-mediated endocytosis dominant and macropinocytosis less involved (Figure [7](#F7){ref-type="fig"}F).

It has been reported that nanomaterials entering cells through clathrin-mediated endocytosis are often transported to lysosomes. The intracellular behavior of nanohybrids was further investigated after cellular entry. To explore the intracellular fate of nanohybrids, specific fluorescence markers were utilized to stain intracellular compartments inside SKBR3 cells. These markers consisted of lyso-tracker (lysosomes) and DiI (membranes), respectively. By examining whether the SERS signals of nanohybrids colocalized with the stained subcellular organelles, we were able to delineate the intracellular fate of the nanohybrids. The nanohybrids showed primarily colocalization with membranes after an incubation of 4 h (Figure [8](#F8){ref-type="fig"}A). This moderate association fell continuously over the entire incubation period of 12 h. Conversely, strong colocalization of nanohybrids with lysosomes was observed after 12 h. During the incubation time, signal intensity, as well as colocalization between nanohybrids and membranes, declined slightly. By contrast, colocalization between nanohybrids and lysosomes rose slowly. From these data, we concluded that the nanohybrids largely reside within lysosomes after their departure from cell membranes, consistent with the typical route of the endolysosomal pathway for the degradation of biological entities.

To understand how the metal nanoparticles influenced the intracellular behaviors of nanohybrids, we investigated the intracellular fate of pure liposomes alone (Figure [9](#F9){ref-type="fig"}). In the experiment, fluorescent lipid (PE-NBD) was added into the lipid mixture in order to obtain fluorescent NBD-liposomes. Characterization of NBD-liposomes suggested similarity with the former ones in each respect (Figure [S9](#SM0){ref-type="supplementary-material"}). Actually, the intracellular behavior of pure liposomes (adhesion to the cell surface and then endocytosis) was quite consistent with that of nanohybrids. Experimentally, strong colocalization of liposomes with membranes persisted during the whole incubation time, which might be caused by the strong affinity of lipid molecules between cell membranes and liposomes. In addition, the intracellular fluorescence intensity of liposomes became increasingly weak as a function of incubation time, indicating the possibility of intracellular degradation of liposomes. Despite these similar trends, nanohybrids suffered from intracellular degradation at a slower rate. In other words, compared with pure liposomes, nanohybrids had more prolonged retention inside SKBR3 cells.

We hypothesize that the metal nanoparticles were responsible for the tiny difference in the intracellular behaviors between liposomes and nanohybrids. To test this hypothesis, the intracellular locations of Au\@Ag\@MMTAA nanoparticles were investigated. As shown in Figure [S10](#SM0){ref-type="supplementary-material"}, pure metal nanoparticles exhibited almost exactly the same behavioral characteristics as nanohybrids. Both their retention time and distribution in subcellular organelles converged toward the same conclusion. Following the above experimental data, we come to the conclusion that Au\@Ag\@MMTAA nanoparticles had little influence on liposomal behaviors, ranging from drug release to intracellular movement. This insight into the role metal nanoparticles play in the whole nanohybrids would remove obstacles in the programmable design of multifunction nanocarriers. It is reasonable to expect that liposomes modified with other metal nanoparticles (e.g., gold nanoshells) also abide by the same law. This universal rule, which is not restricted to the nanostructures given in this study, is very practical in multifunctional drug delivery systems.

In the end, we assessed the *in vitro* photothermal efficacy using confocal microscopy. As shown in Figure [S11](#SM0){ref-type="supplementary-material"}A, before laser irradiation, SKBR3 cells loaded with DOX/nanohybrids released little DOX, which showed weak fluorescence. After laser activation, DOX molecules were released to a great measure and exhibited strong fluorescence (Figure [S11](#SM0){ref-type="supplementary-material"}B). This phenomenon disclosed that photothermal conversion led to tremendous drug release. It was notable that cells incubated with DOX/nanohybrids after the irradiation of laser had the lowest viability (Figure [S11](#SM0){ref-type="supplementary-material"}D). The NIR light would cause no cell damage when used alone. Therefore, the combined therapy was more efficient in killing tumor cells compared to solo treatment.

Conclusion
==========

This work demonstrated the successful preparation of nanohybrids based on thermally sensitive liposomes and gold/silver core-shell nanoparticles, which possessed excellent stability in the physiological environment. Efficient drug release from nanohybrids can be activated by bulk-heating or remote laser illumination. Cell experiments revealed that the nanohybrids entered SKBR3 cells mainly through clathrin-mediated endocytosis and tended to attach on the cell surface before arriving in acidic lysosomes. Additionally, SKBR3 cells loaded with DOX/nanohybrids held the highest mortality *in vitro* after laser treatment. No obvious differences were observed between nanohybrids and liposomes, ranging from drug release to intracellular behaviors. According to this consequence, we infer a universal rule that metal nanoparticles undertake specific functions in the hybrid system but have little influence on liposomal behavior. Providing insights into the role that nanoparticles play in liposomal nanohybridsis closely concerned with the modular design of functional nanocarriers, which would further facilitate their therapeutic effect in clinical applications.

Materials and Methods
=====================

Materials
---------

1,2-dipalmitoyl-*sn*-glycero-3-phosphocholine (DPPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-\[amino(polyethyleneglycol)-2000\] (ammonium salt) (DSPE-PEG2000-NH~2~) and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (ammonium salt) (PE-NBD) were purchased from Avanti Polar Lipids, USA. Cholesterol (Chol), hydrogen tetrachloroaurate (III) trihydrate (HAuCl~4~•3H~2~O) and silver nitrate (AgNO~3~) were purchased from Alfa Aesar. Doxorubicin (DOX), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), N-hydroxysuccinimide (NHS) and 2-mercapto-4-methyl-5-thiazoleacetic acid (MMTAA) were purchased from Sigma Aldrich. Methanol, chloroform and Triton X-100 were purchased from Aladdin Reagent Co., Ltd. Trisodium citrate (Na~3~C~6~H~5~O~7~•2H~2~O) was purchased from Sinopharm Chemical Reagent Co., Ltd. Phosphate buffered saline (PBS, 10mM, pH 7.4) was purchased from Nanjing KeyGen Biotechnology Co., Ltd. All the reagents were used as received. Deionized water (Millipore Milli-Q grade) with a resistivity of 18.2 MΩ cm^-1^ was used in all the experiments.

Characterization
----------------

UV-vis absorption spectra were collected using a Shimadzu UV-3600 PC spectrophotometer with quartz cuvettes of 1 cm path length. Transmission electron microscopy (TEM) images were obtained with an FEI Tecnai G^2^T20 electron microscope operating at 200 kV. Dynamic light scattering (DLS) measurements and zeta potential experiments were performed using a Malvern Zetasizer Nano ZS 90. Photoluminescence emission spectra were recorded on an Edinburgh FLS920 spectrofluorometer. SERS measurements were performed with a confocal microscope (FV 1000, Olympus) equipped with a spectrograph (Sharmrock SR-303i-A, Andor) with a Newton charge-couple device (CCD). He-Ne laser with 633nm radiation was used for excitation and the laser power at the sample position was 2.4 mW. The scattering light was collected by a 10× objective lens (NA = 0.40) to the CCD. All the SERS spectra here were the result of a 60 s accumulation, if without specific description. SERS/fluorescence imaging was performed using the same confocal microscope with a 60× objective lens (NA = 1.35). Actually, in the experiments, the excitation wavelength at 458 nm was used for the fluorescence imaging of NBD while 488 nm and 543 nm were employed for the fluorescence imaging of DOX/Lyso-Tracker Green and DiI/Lyso-Tracker Red, respectively. Meanwhile, the excitation power at the sample position was \~10 μW. All fluorescence images were the result of an exposure time of 13.867 s with one-way scanning mode, in which the imaging time was 20 ms/pixel. The imaging resolution for x/y and z axes were \~0.2 μm and \~1.4 μm, respectively. SERS imaging was conducted with a 633 nm laser for excitation and the laser power at the sample position was \~160 μW. SERS images were acquired under one-way scanning mode with an exposure time of 65.853 s (imaging time was 100 ms/pixel). The imaging resolution for x/y and z axes of SERS images were 0.232 μm and 1.442 μm, respectively. PALM/STORM images were acquired using a Zeiss Elyra P.1 microscope equipped with 405 nm (50 mW), 488 nm (100 mW), 561 nm (100 mW) and 640 nm (150 mW) lasers. Fluorescence images were recorded using a 100×/1.46 oil immersion objective and an Andor EMCCD camera (iXon DU897). Imaging data were analyzed using the Zeiss Zen 2012 software.

Preparation of liposomal nanohybrids
------------------------------------

The Au\@Ag core-shell nanoparticles were prepared using a sodium citrate reduction method following a previously published protocol [@B37]. Briefly, boiling solution of HAuCl~4~ (0.1 mg, 200 mL) was reduced by trisodium citrate (80 mg, 8 mL) under vigorous stirring, resulting in the formation of bare gold nanoparticles. Then the solution of bare gold nanoparticles was further reduced by trisodium citrate (160 mg, 16 mL), followed by a dropwise addition of AgNO~3~ solution (10 mM, 20mL). After cooling, the obtained Au\@Ag nanoparticles (5 mL) were functionalized with carboxyl groups by an overnight incubation with MMTAA (10 mM, 10 μL) at room temperature. Following the reaction, the Au\@Ag\@MMTAA nanoparticle suspension was washed twice using centrifugation (3300 rcf, 30 min) and then suspended in deionized water.

Amino-modified liposomes consisting of DSPE-PEG2000-NH~2~ were prepared via the standard film hydration method [@B38]. Briefly, DPPC, DSPE-PEG2000-NH~2~ and Chol (55:5:40, m/m) were dissolved in chloroform (5 mg/mL) and evaporated to a thin film under a reduced pressure at 55 ^o^C using a rotary evaporator. For the experiments in which the cellular distribution of liposomes was inspected, 1 mol% of PE-NBD was also included in the mixture to serve as the fluorescent probe. The thin film was further dried under vacuum to remove the trace solvent. The resulting lipid film was hydrated by a gentle shaking with PBS (pH 7.4, 10 mM) or citrate-phosphate buffer at pH 4.0 if doxorubicin loading was intended. The generated multilamellar vesicles (MLV) were sonicated to produce unilamellar vesicles (ULV). DOX was loaded into the obtained liposomes by the pH gradient method as described elsewhere [@B26]. The pH value of the liposome suspension was adjusted from 4.0 to 7.4 by dropwise addition of a 10 M stock solution of NaOH. Subsequently, doxorubicin was added to the liposomal dispersion to achieve a drug to lipid ratio of 1:20 (w/w). The loading process was carried out at 55 ^o^C for 30 min. Unencapsulated DOX was removed by ultrafiltration.

To prepare the liposomal nanohybrids, carboxyl Au\@Ag\@MMTAA nanoparticles (1 mL) and amino liposomes (400 μL) were covalently linked by EDC (10 mM, 5 μL) and NHS (20 mM, 5 μL) at room temperature for 8 h. Free liposomes or nanoparticles in the mixture were removed by a 10 min centrifugation at 2000 ×g. The sediment was dispersed in PBS.

Liposomal nanohybrids release studies
-------------------------------------

The drug encapsulation efficiency (EE, defined as the ratio of encapsulated DOX versus the whole amount) was quantified by subtracting the amount of DOX removed through ultrafiltration. For 100% release of the drug, the liposomes or nanohybrids were added to Triton X-100 and sonicated for 3 min (final concentration 0.1%). The encapsulation efficiency of DOX was determined by fluorescence measurement (λ~ex~= 488 nm and λ~em~ = 580 nm), which can be calculated as follows:
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Where F~encapsulated~ is the fluorescence of Triton X-100 treated samples, and F~removed~ is the fluorescence of the filtrate.

In order to monitor its release profile, DOX in the liposomes or nanohybrids was released at different temperatures, and the DOX release percentage from liposomes or nanohybrids was calculated as follows:
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Where F~t~ is the fluorescence at time point t, F~0~ is the initial fluorescence of the buffer solutions at the start, and F~100~ is the fluorescence of Triton X-100 treated samples. Variation of DOX released as a function of temperature and a release curve at different time intervals were obtained.

Light-induced DOX release was performed by a pulsed irradiation with 808 nm wavelength NIR light (500 mW) for 120 min at room temperature. After each irradiation, the DOX released from the liposomes or nanohybrids was determined using fluorescence measurement, and the DOX release percentage were calculated using the above equations.

Stability of liposomal nanohybrids in serum free culture medium
---------------------------------------------------------------

To investigate the stability of the liposomal nanohybrids in the culture medium without 10% FBS, the liposomal nanohybrids were mixed with 1640 medium (volume ratio nanohybrids solution : culture media = 1:4) and incubated for 12 h at 37 ^o^C. The characterization of the nanohybrids was completed and no degradation was observed.

Cell culture and nanohybrids treatment
--------------------------------------

Human breast cancer cells (SKBR3) were purchased from China Type Culture Collection and cultured in 1640 medium under a standard cell culture condition (5% CO~2~, 37 ^o^C). Medium was supplemented with 10% fetal bovine serum (Biochrom) and 1% penicillin-streptomycin (Nanjing KeyGen Biotech. Co., Ltd.).

To examine the SERS performance of the liposomal nanohybrids inside living cells, SKBR3 cells were seeded into culture dishes (Corning) and incubated for 24 h. Then, the nanohybrids were added to the cell culture dish (volume ratio nanohybrids solution: culture media = 1:4). Four hours later, the culture media was discarded and the culture dish was gently washed with PBS before the SERS measurement.

To visualize their intracellular stability, nanohybrids were additionally labeled with DiI. These SERS-fluorescence dual labeled nanohybrids were added to the SKBR3 cells and incubated for different time periods. Following the same rinsing with PBS, the cells were imaged under a confocal scanning microscope.

For internalization studies, SKBR3 cells were pretreated with cellular uptake inhibitors for 2 h and then incubated with the liposomal nanohybrids for 4 h at 37 ^o^C. To inhibit clathrin-dependent endocytosis, cells were pre-treated with chlorpromazine (10 μg/mL) [@B39]. Caveolae-dependent endocytosis was disrupted by pre-treating the cells with nystatin (50μg/mL) and macropinocytosis was inhibited with cytochalasin D (10 μg/mL) [@B40]. The impact of temperature on the cellular internalization of nanohybrids was investigated by pre-incubating SKBR3 cells at 4 ^o^C for 2 h prior to the incubation with the liposomal nanohybrids for 4 h. All experiments were conducted in serum-free media. After the pretreatment and incubation, cells were washed thrice with PBS and analyzed by confocal microscopy.

To examine their intracellular fate, the liposomal nanohybrids were added to the SKBR3 cells and incubated for different time periods. Before SERS and fluorescence measurements, the membrane and late endosomes/lysosomes were stained with DiI and Lyso-Tracker, respectively. Then the culture media were discarded and the culture dishes were gently washed with PBS solution three times. After visualization under a confocal microscope, colocalization analysis was utilized to seek for its intracellular fate. As a control, the same experiments were conducted with pure Au\@Ag\@MMTAA nanoparticles and liposomes, respectively.

For the photothermal release *in vitro*, SKBR3 cells were treated with nanohybrids for 4 h before the irradiation experiment. After irradiated for 20 min by NIR laser, the degree of drug release was imaged in comparison with cells without irradiation.

Cell viability (MTT assays) was measured as follows. The viability of SKBR3 cells was examined by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. SKBR3 cells (10^4^ mL^-1^) were seeded onto 96-well plates (100 μL per well) and incubated for 24 h at 37^o^Cunder a 5% CO~2~atmosphere. The following treatment groups were performed: no treatment, NIR laser alone (20 min irradiation), nanohybrids alone and nanohybrids with laser (20 min irradiation). For the treatment with nanohybrids, cells were incubated with particles at 37 ^o^C for 4 h. Thereafter, cells were washed three times with PBS to remove the unbound particles. Cells were then resupplied with 1640 containing 10% FBS. Cells were irradiated with a NIR laser (808 nm) and then incubated at 37 ^o^C for 12 h. After that, 50 μL of MTT solution (MTT buffer to dilution buffer 1:4) was added into each well, and the plate was incubated for another 4 h. The reaction was terminated by adding 150 μL of DMSO after removing the supernatant medium. When the purple formazan crystals were dissolved by DMSO, the absorbance of the wells at 490 nm was measured with a microplate reader (Bio-Rad model 680). Cells incubated in the absence of hybrids were used as a control for the photothermal cytotoxicity study.

Statistics analysis
-------------------

In the cell experiment, one SERS spectrum was collected in each cell, and the measured SERS spectra of 10 cells were used to obtain an average SERS spectrum. Fluorescence and SERS images were analyzed using ImageJ software. For signal intensity, the integrated intensity was measured directly and the total cell numbers were counted manually. The mean signal intensity per cell on a cell image was obtained by dividing the integrated intensity by the cell numbers. The signal average and standard deviation were calculated from 10 cell images. To quantify the colocalization ratio of two signals, the Mander\'s coefficients indicating the percentage of green signals colocalized with red signals in merged images was calculated based on analysis of 10 randomly selected regions.
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Chol

:   cholesterol

CPZ

:   chlorpromazine

Cyto-D

:   cytochalasin D

DDS

:   drug delivery systems

DiI

:   1,1\'-dioctadecyl-3,3,3\',3\'-tetra-methylindocarbocyanine

DLS

:   dynamic light scattering

DOX

:   doxorubicin

DPPC

:   1,2-dipalmitoyl-sn-glycero-3-phosphocholine

DSPE-PEG2000-NH~2~

:   1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-\[amino(polyethyleneglycol)-2000\] (ammonium salt)

EDC

:   1-ethyl-3-(3-dimethylaminopropyl)carbodiimide

EE

:   encapsulation efficiency

EF

:   enhancement factor

MLV

:   multilamellar vesicles

MMTAA

:   2-mercapto-4-methyl-5-thiazoleacetic acid

MTT

:   (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)

NHS

:   N-hydroxysuccinimide

Nys

:   nystatin

PBS

:   phosphate buffered saline

PE-NBD

:   1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (ammonium salt)

SERS

:   surface-enhanced Raman scattering

TEM

:   transmission electron microscopy

ULV

:   unilamellar vesicles.

![A sketch depicting the general strategy for the conjugation of the carboxyl-functionalized nanoparticles to liposomes containing an aminated lipid (DSPE-PEG2000-NH~2~).](thnov08p0941g001){#SC1}

![Characterization of liposomes and nanohybrids: TEM micrograph of liposomes (A) and nanohybrids (B); size distribution of liposomes (C) and nanohybrids (D); extinction spectra and photographs of solutions (E); surface zeta potential (F).](thnov08p0941g002){#F1}

![Drug release profiles of liposomes (A) and nanohybrids (B) at different temperatures: 25 ^o^C, 37 ^o^C and 43 ^o^C.](thnov08p0941g003){#F2}

![Bright field image (A), SERS mapping (B) and merged image (C) of SKBR3 cells incubated with nanohybrids for 5 h. (D) SERS spectrum acquired from the SKBR3 cells. Scale bars for confocal images are 10 μm.](thnov08p0941g004){#F3}

![Colloidal stability of nanohybrids during incubation at 37 ^o^C for 12 h in serum-free 1640 culture media. Nanohybrids displayed no apparent change in (A) extinction property and (B) size distribution.](thnov08p0941g005){#F4}

![Super resolution image of SERS-fluorescence dual labeled nanohybrids.](thnov08p0941g006){#F5}

![Colocalization between nanoparticles (labeled by SERS, red) and lipid bilayers (labeled by fluorescence, green) for 4 h (A-C), 8 h (D-F) and 12 h (G-I); 580-610 nm light was collected for fluorescence imaging of DiI and 800-1600 cm^-1^ Raman scattered light was collected for SERS imaging. (J) Average SERS spectrum of a single SKBR3 cell incubated with the nanohybrids for different times. (K) Colocalization quantification (\>0.6 indicates substantial colocalization). Scale bars for confocal images are 10 μm.](thnov08p0941g007){#F6}

![Effect of inhibitors on uptake of SKBR3 cells incubated with nanohybrids probed by SERS. In the intracellular experiments, 580-610 nm light was collected for fluorescence imaging of DiI (green) and 800-1600 cm^-1^ Raman scattered light was collected for SERS imaging (red). Scale bars for confocal images are 10 μm.](thnov08p0941g008){#F7}

![Confocal microscopy of SERS labeled nanohybrids (red) and fluorescence staining of organelle markers (green). Makers are DiI (membranes, A-C) and lyso-tracker green (lysosomes, D-F): 500-540 nm light was collected for the fluorescence imaging of Lysotracker Green, 580-610 nm light was collected for fluorescence imaging of DiI and 800-1600 cm^-1^ Raman scattered light was collected for SERS imaging. (G) Average SERS intensity of a single SKBR3 cell incubated with the nanohybrids for 4, 8 and 12 h. (H) Colocalization coefficients between nanohybrids and membranes (or lysosomes). Scale bars for confocal images are 10 μm.](thnov08p0941g009){#F8}

![Confocal microscopy of NBD labeled liposomes (green) and fluorescence staining of organelle markers (red). Makers are DiI (membranes, A-C) and lysotracker red (lysosomes, D-F): 520-550 nm light was collected for fluorescence imaging of NBD, 580-610 nm light was collected for fluorescence imaging of DiI and 570-620 nm light was collected for fluorescence imaging of Lysotracker Red. (G) Average fluorescence intensity of a single SKBR3 cell incubated with the nanohybrids for 4, 8 and 12 h. (H) Colocalization coefficients between liposomes and membranes (or lysosomes). Scale bars for confocal images are 10 μm.](thnov08p0941g010){#F9}
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